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Abstract
Objective—To examine the eVects of sub-
stance P (endothelium dependent vasodi-
lator) and glyceryl trinitrate (endothelium
independent vasodilator) on epicardial
coronary arteries in patients with normal
coronary angiograms and patients with
coronary artery disease.
Design—Intracoronary infusions of nor-
mal saline, the receptor mediated nitric
oxide stimulant substance P (5.6 and 27.8
pmol/min each for five minutes), and
glyceryl trinitrate (250 µg bolus) were
given in 24 patients with coronary artery
disease and stable angina, and in nine
patients with normal angiograms. The
diameter of proximal and distal coronary
segments was measured by computerised
quantitative angiography
Results—Proximal segments of patients
with coronary artery disease dilated less
than those of patients with normal angio-
grams in response to 27.8 pmol/min
substance P (mean (SEM): 7.9 (1.3)% v 15
(2.3)% respectively, p < 0.01). The proxi-
mal segments of diseased arteries also
dilated less than those of “normal” arter-
ies in response to glyceryl trinitrate (10.2
(1.6)% v 18.4 (2.9)%, respectively,
p < 0.01). The responses of distal seg-
ments to substance P and glyceryl trini-
trate were similar in the two patient
groups. There were correlations (all
p < 0.001) between the coronary diameter
after substance P and after glyceryl trini-
trate in normal proximal segments
(r = 0.94) and normal distal segments
(r = 0.64), in diseased proximal segments
(r = 0.95) and diseased distal segments
(r = 0.89), and for coronary stenoses
(r = 0.93).
Conclusions—Proximal segments of pa-
tients with coronary disease dilated less
than the proximal segments of “normal”
patients in response to substance P and
glyceryl trinitrate. The response to sub-
stance P is substantial and closely corre-
lated with the response to glyceryl
trinitrate in both “normal” patients and
those with coronary disease. This suggests
that although the proximal segments of
diseased coronary arteries have a reduced
capacity to dilate in response to direct
stimulation of smooth muscle cell relaxa-
tion, they retain much of their endothe-
lium dependent vasodilator function.
(Heart 1999;82:471–476)
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The endothelium influences vascular tone by
the release of various relaxing and constricting
factors which modulate the contractile activity
of the underlying smooth muscle.1–3 Endothe-
lium derived relaxing factor (EDRF) is one of
the mediators of vascular smooth muscle
relaxation.4–9 Previous studies have shown that
vasodilatation mediated by the release of
EDRF is markedly impaired in patients with
coronary artery disease and hypertension.10–13

This phenomenon may precede the develop-
ment of visible atherosclerosis14 and contribute
to the pathogenesis of vascular complications
in patients with atherosclerosis.15 However,
Schachinger and Zeiher16 have recently shown
that basal vasomotor tone is reduced at the site
of atheromatous plaques.

Ludmer et al showed that acetylcholine
causes dilatation of normal and constriction of
diseased epicardial coronary arteries.11 How-
ever, acetylcholine has a dual eVect on vascular
tone: relaxation owing to the release of EDRF
and constriction owing to direct smooth
muscle cell stimulation.1 Substance P is a more
selective endothelium dependent dilator than
acetylcholine. In vitro, relaxation induced by
substance P is dependent on the presence of
intact endothelial cells and it does not directly
aVect coronary smooth muscle tone.10 17–21 In
vivo, intracoronary substance P has been
shown to dilate normal epicardial coronary
arteries and to reduce the coronary vascular
resistance.22 23 In the present study the intra-
coronary administration of substance P and
glyceryl trinitrate was used to investigate both
endothelium dependent and endothelium in-
dependent vasodilatation of epicardial coron-
ary arteries and stenoses in patients with
normal coronary angiograms and patients with
coronary artery disease.

Methods
PATIENTS AND PROTOCOLS

Twenty four patients (20 male, four female,
mean (SEM) age 58 (7) years) with chronic
stable angina and coronary artery disease, and
nine patients (four male, five female, mean age
53 (8) years) with atypical chest pain and nor-
mal coronary arteries were studied. All patients
with chronic stable angina had a positive tread-
mill exercise test result (> 0.1 mV ST segment
depression) at between 5 and 7 metabolic
equivalents using the modified Bruce protocol.
The normal coronary arteries in the patients
with atypical chest pain had a smooth angio-
graphic outline in multiple projections with no
irregularity or stenosis. As intravascular ultra-
sound information was unavailable it is not
possible to exclude the presence of mild
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atheroma in these angiographically “normal”
arteries.

Patients were excluded from the study if they
had diabetes mellitus, recent myocardial inf-
arction (< 6 months), left ventricular hypertro-
phy (on echocardiography), left ventricular
dysfunction (left ventricular ejection fraction
< 50%), or valvar heart disease.

Antianginal drug treatment was stopped 24
hours before the study. The patients were
allowed to use sublingual glyceryl trinitrate as
necessary, but no study was performed within
three hours of its administration.

Following the diagnostic coronary angio-
gram, an optimal radiographic projection was
selected and kept constant for subsequent
angiograms. Two ECG leads were monitored
continuously throughout the study. All patients
received a single two minute infusion of 0.9%
saline (2 ml/min) followed by a five minute
infusion of incremental doses of substance P
(5.6 and 27.8 pmol/min) in saline, followed by
a two minute infusion of 0.9% saline (2
ml/min), using a syringe pump, followed by an
intracoronary bolus dose of glyceryl trinitrate
(250 µg in 2 ml of saline).

Femoral arterial pressure and heart rate were
recorded during the last 30 seconds of each
infusion period. Angiography was performed
with a hand injection of 6–8 ml non-ionic con-
trast medium at baseline, immediately after
each infusion, and two to three minutes after
glyceryl trinitrate. Before each angiogram, the
catheter was emptied to avoid bolus adminis-
tration of the infusate.

The protocols were approved by the research
ethics committee and each patient gave written
informed consent.

QUANTITATIVE CORONARY ANGIOGRAPHY

The arterial segments in each frame were ana-
lysed in random order using quantitative com-
puterised analysis with an automated edge
contour detection analysis system (Computer-
ized Angiographic Analysis System, Version
2V2; Pie Data Medical, Maastricht,
Netherlands).24 25 End diastolic frames from
each arteriogram were selected for analysis.
The angiographic catheter was used as a
scaling device and this, together with
pincushion-distortion correction, allowed the
diameters to be recorded as absolute values
(expressed in millimetres). Recorded variables
at baseline and after saline, substance P, and
nitrate administration were the luminal diam-

eter of proximal and distal segments containing
no stenosis causing more than 20% luminal
diameter reduction. The proximal left anterior
descending coronary artery diameter was
measured just beyond the origin of the artery
and the distal diameter was measured just dis-
tal to the second diagonal branch; the proximal
left circumflex coronary artery diameter was
measured just beyond the origin of the artery
and the distal diameter just beyond the origin
of the second obtuse marginal branch; the
proximal right coronary artery diameter was
measured just beyond the origin of the artery
and the distal diameter just beyond the
posterior descending branch. A coronary
stenosis was defined as an arterial segment with
> 20% minimum luminal diameter reduction.
The absolute diameter of the arterial segment
in millimetres was measured between corre-
sponding points on the left and right edges of
the centreline. The centreline and edges were
identified by a computerised algorithm. The
percentage diameter reduction was calculated
according to the formula:

% D stenosis = (1 − Dm/Dr) × 100%

where Dr = mean diameter of the segment and
Dm = minimum diameter of the segment. The
mean diameter Dr was computed as the
average of 11 diameter values. Quantitative
analysis of coronary arteriograms was carried
out by two independent observers, who reana-
lysed the films blindly at a remote time for
reproducibility of the method. No significant
intra- or interobserver variability was found
(analysis of variance F = 0.35, p = 0.82).

STATISTICAL ANALYSIS

Data are expressed as mean (SEM). When
serial changes in the heart rate, blood pressure,
and arterial diameter were compared within
the group and between the groups analysis of
variance for repeated measures was used. Stu-
dent’s t test was used to compare paired or
unpaired data. Discrete data were analysed by
the ÷2 test. Probability (p) values of < 0.05 (two
tailed) were taken to indicate statistical signifi-
cance.

Results
Substance P reduced systolic blood pressure
from 152 (4.7) to 143 (5.0) mm Hg (p < 0.01)
and increased the heart rate from 71 (1.5) to 80
(2.4) beats/min (p < 0.01). Glyceryl trinitrate
administration reduced systolic blood pressure

Table 1 Reactivity of proximal and distal segments and coronary stenoses to substance P and glyceryl trinitrate in patients with normal angiograms and
in patients with stable angina

Minimum luminal diameter (mm)

Saline 1 Substance P (5.6 pmol) Substance P (27.8 pmol) Saline 2 Glyceryl trinitrate

Stable angina
Proximal (n = 50) 3.10 (0.09) [0.7 (0.2)%] 3.19 (0.10) [7.3 (1.4)%] 3.28 (0.09) [7.9 (1.3)%] 3.12 (0.09) [1.1 (0.2)%] 3.35 (0.09) [10.2 (1.6)%]
Distal (n = 59) 1.35 (0.04) [1.0 (0.3)%] 1.52 (0.05) [13.9 (1.9)%]* 1.54 (0.05) [16.1 (1.6)%]* 1.37 (0.04) [1.5 (0.3)%] 1.64 (0.05) [21.5 (1.7)%]*
Stenoses (n = 28) 1.56 (0.08) [1.1 (0.3)%] 1.68 (0.10) [9.6 (1.5)%] 1.74 (0.10) [11.9 (1.8)%] 1.58 (0.08) [1.4 (0.3)%] 1.79 (0.10) [16.3 (1.8)%]**

Normal coronary arteries
Proximal (n = 19) 3.03 (0.16) [0.4 (0.4)%] 3.33 (0.16) [11.5 (2.3)%] 3.43 (0.23) [15.0 (2.3)%]† 3.07 (0.16) [1.1 (0.4)%] 3.53 (0.24) [18.4 (2.9)%]†
Distal (n = 27) 1.48 (0.04) [0.3 (0.5)%] 1.68 (0.05) [14.5 (2.2)%] 1.71 (0.05) [15.9 (1.6)%] 1.50 (0.04) [0.9 (0.5)%] 1.74 (0.06) [18.5 (2.7)%]

Values are mean (SEM); percentage change from baseline given in square brackets.
*p < 0.01 v proximal segments; †p < 0.01 v stable angina; **p < 0.01 v substance P responses.
Saline 1, first saline infusion; saline 2, second saline infusion.
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from 146 (4.8) to 129 (4.5) mm Hg (p < 0.01)
and increased the heart rate from 73 (1.7) to 76
(1.6) beats/min (NS).

In all, we analysed 69 proximal segments (32
in the left anterior descending, 36 in the
circumflex, and one in the right coronary
artery), 86 distal segments (40 in the left ante-
rior descending, 44 in the circumflex, and two
in the right coronary artery), and 28 stenoses

(severity from 22% to 28%). A progressive
increase in coronary luminal diameter oc-
curred with increasing doses of substance P
and subsequent glyceryl trinitrate administra-
tion in both “normal” and diseased vessels
(table 1, fig 1). The percentage change
compared with saline was less in the proximal
than in the distal segments of diseased vessels
(table 1). The change in the proximal segments
was less in diseased vessels than in normal ves-
sels (figs 1 and 2). At the 5.6 pmol dose of sub-
stance P there was no significant eVect on the
proximal segments of diseased vessels, but the
diameter of the proximal segments of normal
vessels increased by 0.32 (0.06) mm (11.5
(2.3)%, p < 0.01, fig 1). There was a significant
correlation (p < 0.001) between the coronary
diameter after substance P and after glyceryl
trinitrate in normal proximal segments
(r = 0.94) and normal distal segments
(r = 0.64), in diseased proximal segments
(r = 0.95) and diseased distal segments
(r = 0.89), and for coronary stenoses
(r = 0.93) (fig 3) . Regression analysis showed
that the slope of this linear relation was close to
unity (0.9–1.0) (fig 3).

The proximal segments of diseased coronary
arteries were divided into quartiles according
to their response to 27.8 pmol/min substance
P. The bottom quartile showed a proximal seg-
ment response of 1.0 (0.4)% and distal
segment response of 12.5 (2.4)%. The top
quartile showed a proximal segment response
of 19 (3.2)% and distal segment response of
25.1 (4.0)%. The distal segment response to
substance P is greater than the proximal
segment response in both groups (p < 0.01),
but less in the bottom quartile than in the top
quartile (p < 0.05). The responses of the
bottom and top quartiles are shown in fig 4,
together with the response of their correspond-
ing distal segments.

Discussion
In this study we compared the eVects of
substance P with those of glyceryl trinitrate in
patients with normal angiograms and in
patients with coronary artery disease. There
was no diVerence between “normal” and
diseased vessels in the response of distal
segments to substance P or glyceryl trinitrate.

Figure 1 Plot showing mean dose dependent responses (mean coronary luminal diameter with SEM) to substance P
(subP) and glyceryl trinitrate (GTN) for proximal and distal segments in patients with coronary artery disease (CAD)
and in patients with “normal” coronary arteries (CA). A progressive increase in mean luminal diameter occurred with
increasing doses of substances P and glyceryl trinitrate administration. BL, baseline; NS, saline.
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Figure 2 Bar graph showing mean (with SEM)
percentage dilatation from saline after intracoronary
infusion of 5.6 and 27.8 pmol/min substance P (subP) and
after glyceryl trinitrate (GTN) administration for proximal
and distal coronary segments in patients with “normal”
coronary arteries (CA) and in patients with coronary
artery disease (CAD) and in coronary stenoses. In patients
with normal coronary arteries, proximal segments showed a
significantly greater dilatation (p < 0.01) during substance
P and glyceryl trinitrate infusions than in patients with
coronary artery disease.
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The proximal segments of patients with coron-
ary disease dilated less in response to both sub-
stance P and glyceryl trinitrate than the proxi-
mal segments of “normal” patients. There was
no significant diVerence in the response to
substance P as a proportion of the glyceryl
trinitrate response between stenoses (73%) and
diseased proximal segments (77%) but both
were slightly less responsive than normal
proximal segments (82%). Furthermore, there
was a close correlation between the substance
P response and the glyceryl trinitrate response
in “normal” patients and those with coronary
disease. These results suggest that although the
proximal segments of diseased coronary arter-
ies including stenoses have a reduced capacity
to dilate in response to direct stimulation of
smooth muscle cell relaxation, much of their
endothelial dilator function is preserved, as
evidenced by their response to substance P. In
the distal segments of diseased arteries both
endothelial dilator function and the capacity to

respond to a direct smooth muscle cell relaxant
stimulus are preserved.

SUBSTANCE P INDUCED VASODILATATION

Substance P is a neuropeptide found in sensory
neurones of the peripheral nervous system,
vagus, some sympathetic ganglia, and the
perivascular nerves of small arterioles in the
human heart.26 It dilates both conductive and
resistance vessels by an endothelium depend-
ent mechanism that involves the production of
nitric oxide and possibly also of an endothe-
lium derived hyperpolarising factor.17–21 27–29

Chester et al showed in human coronary rings
that endothelium dependent relaxation in
response to substance P and bradykinin was
lost in atherosclerotic compared with normal
human coronary arteries.30 The relaxation
induced by substance P was inhibited by
NG-monomethyl-L-arginine, which indicates
that stimulated production or release of nitric
oxide is part of the mechanism of the substance
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Figure 3 Scatterplot showing the relation between the
coronary diameter in response to glyceryl trinitrate (GTN)
and to substance P in proximal and distal segments in
patients with “normal” coronary angiograms (NCAs) and
in patients with coronary artery disease (CAD) and in
coronary stenoses. Linear regression analysis show a
significant correlation between these two variables in both
groups. The slope of this linear relation between these two
variables was close to unity (0.9–1.0).
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P response. In addition, bradykinin has been
shown to dilate atherosclerotic coronary
arteries.31 However, it is possible that substance
P has additional mechanisms of action apart
from those mediated by nitric oxide and hyper-
polarising factor. Crossman et al found an
increase in epicardial coronary artery diameter
and a significant increase in the coronary sinus
blood oxygen saturation in response to intra-
coronary substance P infusion in patients with
angiographically normal coronary arteries.22

Previous studies have shown that endothelial
function is impaired in diseased coronary
arteries11 14 32 and also in transplant recipients
with angiographically normal arteries.33 The
study by Ludmer et al showed that prestenotic
and irregular segments of diseased coronary
arteries in patients with angina constrict in
response to acetylcholine, whereas segments of
normal coronary arteries dilate.11 They con-
cluded that the abnormal response to acetyl-
choline may represent a defect in endothelial
vasodilator function and may be important in
the pathogenesis of coronary vasospasm. How-
ever, their findings would be consistent with a
selective defect of muscarinic receptor function
and they acknowledge that the findings are also
consistent with an increased sensitivity of
vascular smooth muscle cells to the constrictor
eVect of acetylcholine. In contrast to acetylcho-
line, substance P has no direct eVects on
coronary smooth muscle tone and is therefore
more suitable than acetylcholine for studying
nitric oxide mediated vascular responses in the
human coronary circulation.

It has been shown previously that atheroscle-
rotic human coronary artery segments dilate in
response to substance P23 and also to
nitrates,34–36 even at the site of significant steno-
sis. As glyceryl trinitrate exerts its eVect directly
on the contractile mechanism of vascular
smooth muscle cells, the observed response
represents the maximum capacity of those seg-
ments to dilate and is probably a measure of the
amount of functional smooth muscle that
remains in that site. In a recent study, Quyyumi

et al compared the eVects of substance P and
acetylcholine on coronary vasomotion.37 They
found that substance P produced predomi-
nantly epicardial coronary dilatation (signifi-
cantly greater than acetylcholine), which is
consistent with our findings, and that coronary
vascular dilatation induced by substance P, like
that with acetylcholine, is at least partly caused
by the release of nitric oxide because its eVects
were inhibited by NG-monomethyl-L-arginine.
A previous study38 has shown significant
preservation of the dilator response to glyceryl
trinitrate in diseased human epicardial coron-
ary arteries. However, we36 and others39 40 have
found a decreased vasodilator response to
nitrates in the proximal segments of patients
with coronary artery disease, consistent with
the findings of the present study. Patients with
coronary artery disease may also have impaired
coronary vasomotor tone at baseline.16 These
diVerences may reflect diVerences in the study
populations or in the location of segments ana-
lysed. However, the most important result of
our study is the observation that the endothe-
lium is functioning at least to the extent that
vasodilatation occurs. The relative response of
proximal segments in diseased and normal
arteries is of less significance.

DiVerential reactivity between proximal and
distal segments, particularly when expressed as
percentage change, has been found in response
to many vasoactive stimuli and appears to be an
inherent characteristic of human coronary
arteries which is not disease dependent. This
diVerential activity could reflect a diVerence in
the ratio of the endothelial cells to smooth
muscle cells. On average the distal segments of
diseased vessels respond similarly to those of
“normal” vessels, indicating that endothelial
function is mainly preserved. However, the
response of distal segments of arteries with a
poor proximal segment response is less than
“normal,” indicating that more severe forms of
the disease do involve some impairment of dis-
tal vessel endothelial function.

The finding in our study of a reduced
response to substance P in the proximal
segments of diseased vessels could be taken as
further evidence of impaired endothelial func-
tion caused by atherosclerosis. However, the
results show that the response to glyceryl trini-
trate is also impaired in these diseased
segments, and furthermore this impairment of
the response to glyceryl trinitrate is similar in
magnitude to the response to substance P.
When the substance P response is expressed as
a percentage of the glyceryl trinitrate response
it becomes clear that approximately 80% of
response to glyceryl trinitrate can be obtained
by giving substance P. In fact the diameter of
the vessel after substance P was approximately
95% of the diameter after glyceryl trinitrate.
Therefore, the results of our study are consist-
ent with preserved endothelial function. Fur-
thermore, they are also consistent with the
results of Schachinger and Zeiher,16 who
showed, using angiography and intracoronary
ultrasound, that basal coronary vasomotor tone
in patients with coronary artery disease was
inversely related to atherosclerotic plaque load.

Figure 4 Graph showing per cent response to 27.8
pmol/min substance P (SP2) from baseline of the bottom
and top quartiles of proximal segments together with the
response of their corresponding distal segments in patients
with coronary artery disease. The proximal segments of
diseased coronary arteries were divided into quartiles
according to their response to substance P. The distal
segment response to substance P is greater than the proximal
segment response in both groups (p < 0.01), but less in the
bottom quartile than in the top quartile (*p < 0.05).
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The reduced vasomotor tone and preserved
response to substance P in atherosclerotic
coronary artery segments is consistent with
preservation of local vasodilator mechanisms.
As atheromatous plaques show neovasculari-
sation on histological examination, it is possi-
ble that endothelial cells in these vessels
provide a source of relaxing factor such as
nitric oxide41–44 which could respond to stimu-
lation by substance P. As a compensatory
mechanism for loss of epicardial vessel en-
dothelial cells at the site of atherosclerotic
plaque, a functional remodelling process
appears to occur and this may depend partly
on preserved nitric oxide synthase activity. In a
recent experimental study,45 it was shown that
chronic inhibition of nitric oxide causes
coronary vascular remodelling, vascular fibro-
sis, and medial thickening.

CONCLUSION

The results of this study provide evidence of
partial preservation of endogenous endothe-
lium dependent vasodilator mechanisms in
atherosclerotic coronary arteries.
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